Abstract-A dual-band bandpass filter with wide and highly attenuated stopbands is designed using parallel coupled microstrip line (PCML) and stepped-impedance-resonators (SIRs). The proposed filter is composed of a pair of highly coupled PCML-SIR structure and a central resonator using a low impedance rectangular microstrip. Initially, the wide dual-band performance is achieved by creating a transmission zero between those two bands using a tightly coupled PCML-SIR with a suitable impedance ratio. Then, a low impedance resonator is placed between the pair of PCML-SIR to generate multiple resonant frequencies for a broadband performance. The simulated and measured results of those filters agree very well. The bandwidth of the first band in the developed filters extends from 1.75 GHz to 3.75 GHz with less than 0.3 dB insertion loss at the center of the band. The second band has a bandwidth that extends from 6.95 GHz to 8.75 GHz with less than 0.5 dB insertion loss at the center of that band. The stopband separating those two passband has more than 30 dB attenuation with transmission zero at 5.85 GHz.
The design of dual-band filters at microwave frequencies is still challenging since it has to take into consideration many parameters, such as the center frequency, bandwidth and passband functions at the multiple passbands. There have been many innovative dualband bandpass filter designs [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The proposed filters are based on uniform impedance resonators UIR [1] , split ring step impedance resonators SIR [2] , cross-coupled structure on low temperature co-fired ceramic [3] , SIRs in vertical-stacked parallel-coupled configuration [4] , radial SIRs with variable impedance ratio [5] , and meander-loop resonator [6, 7] . In other methods, dual-band bandpass filters are designed using folded SIRs [8] , multilayer coupled structure [9] , asymmetric SIR [10] , half-wavelength SIRs [11, 12] , stub-loaded SIR [13] , trisection SIRs [14] , and coupled three-line resonators [15] .
Parallel coupled microstrip lines (PCML) have been used as coupling components in various designs of bandpass filters [15, 16] . For a broadband performance, the PCML structure is required to be tightly coupled. This requirement can be realized if narrow lines and gap, and slotted ground structures are utilized. However, this option is not preferred due to the manufacturing difficulty of those narrow structures.
A stepped impedance resonator (SIR) combined with PCML is suitable for the filter design because the higher order resonant modes can be shifted or suppressed, and the spurious frequency response can be used to create a second passband for a dual-passband response [2, 4, 12] . The first and second passband responses are achieved by using appropriate impedance ratio and coupling of the utilized structure.
In this paper, a dual-band broadband bandpass with a pair of high coupled PCML-SIR structure with a central microstrip resonator is proposed based on the method presented in [17] . The enhancement of PCML structure tight coupling over the wide frequency range and dual-band is realized by using a feeding network with lower impedance. The PCML structure's coupling characteristics and dual-band depends on the dimensions of the feeding network. The novelty of this design is in using low impedance resonators to replace the feeding networks at the input and output port. The aim of using those resonators is to improve the coupling performance of the PCML structure across the required dual bands compared with the conventional method where the dimensions of the PCML are used to control the coupling factor, and the overall performance.
The dimensions of the central microstrip resonator and PCML-SIR are adjusted to improve the insertion loss, return loss, harmonic suppression and bandwidth at both bands. The widths of the middle resonator and PCML-SIR are adjusted to improve the insertion loss and return loss performance of the dual passband response, while the length of the middle resonator is adjusted for the harmonic cancellation by creating and changing the position of the transmission zero frequency. The impedance ratio and the length ratio of PCML-SIR are mainly used to control the bandwidth of both bands. The design also has a transmission zero that is used to isolate both bands effectively. The details of the dual broadband filter design are presented and the measured results are given to demonstrate its performance.
SINGLE STAGE PCML-SIR STRUCTURE
A single stage PCML-SIR structure is shown in Fig. 1(a) . It is used to investigate the effect of varying the impedance ratio on the dual band performance. The physical parameters of PCML strip and slots widths are w 1 = 0.6 mm, s 1 = 0.2 mm and the length l 1 = 14 mm (≈ λ/4 at 2.65 GHz). Those dimensions give the following values for the odd-mode and even-mode impedances; Z odd = 45.778 Ω and Z even = 116.832 Ω. As depicted in Fig. 1(a) , a low impedance rectangular resonator with length l f = 4 mm and a width w f that is adjusted to change the impedance and thus to investigate the overall coupling factor at the two bands. The design is constructed on a substrate with a relative permitivity ε r = 6.15 and thickness h = 1.27 mm.
Since the PCML-SIR structure given in Fig. 1(a) is reciprocal and lossless, an equivalent circuit as shown in Fig. 1(b) can be obtained based on PCML-SIR two port network admittance, with B a = B 11 + B 12 and B b = −B 12 . B 11 = B 22 and B 12 = B 21 are the two independent susceptances of relevant admittance (Y ) matrix of Fig. 1(a) . Fig. 1(c) , shows the equivalent circuit of PCML-SIR based on Fig. 1(b) , where the PCML-SIR is modeled as a J-inverter network with susceptance (J) at the center and two equal electrical lengths (θ/2) at the two sides [18] .
For the PCML-SIR depicted in Fig. 1(a) , the characteristics impedances of (Z even , Z odd ), phase constants (β even , β odd ) and lengths (l even , l odd ) at the even-and odd-modes allow deriving the two port admittance (Y ) matrix [19] as follows:
Equations (1) and (2) imply that each element in the Y -matrix is Figure 1 . (a) Single stage PCML-SIR structure, (b) equivalent circuits for reciprocal two port network admittance for lossless PCML-SIR structure, (c) equivalent J-inverter network with susceptance J of PCML-SIR structure.
purely imaginary for PCML-SIR structure with the two independent susceptances of B 11 = B 22 and B 12 = B 21 . The Z even , Z odd , β even , β odd , l even and l odd as given in Equations (1), (2) are the parameters of the PCML-SIR structure as shown in Fig. 1 
(a).
The two-port admittance Y -matrix of PCML-SIR as shown in Fig. 1(a) is extracted by using the commercial electromagnetic software Sonnet. Based on the extracted Y -matrix of the two port PCML-SIR, the susceptances B 11 = B 22 and B 12 = B 21 are used to calculate the normalized J-susceptance (J) and electrical length (θ) as shown below [20] .J
is the characteristic admittance of the uniform lines that excite the open-circuited PCML at the two sides.
Figure 2(a) shows the normalized J-inverter susceptance (J) of the PCML-SIR structure, with various resonators width w f which calculated based on Equations (3)- (6) as explained above. It shows that as w f increases from 1.9 mm (Z f = 49.5 Ω) to 2.9 mm (Z f = 38.3 Ω), theJ peak value for both bands increases as well. The second band centered at 7.85 GHz (J peak value is from 0.73 to 1.18) increases at a higher rate compared to the first band centered at 2.65 GHz (J peak value is from 0.71 to 0.88). By looking into the J-inverter network of Fig. 1(c) for PCML-SIR structure, the reflection coefficient can be written as:
It clearly shows that S 11 = 0 whenJ = 1. The frequency of J = 1 corresponds to the S 11 pole location over the bandpass range. Fig. 2(a) shows the S-parameters that the S 11 pole appears at the same frequency whenJ = 1 based on Equation (7). For PCML-SIR with w f = 2.9 mm (Z f = 38.3 Ω), the corresponding S 11 poles appear at the two frequencies 7.3 GHz and 8.0 GHz of the second band whenJ = 1. The above PCML-SIR structure also produces transmission zero at 5.85 GHz within the stopband which isolating both bands effectively. The length of PCML structure chosen to be l 1 = 14 mm (≈ λ/4 at 2.65 GHz and ≈ 3λ/4 at 7.85 GHz) to ensure the transmission zero of PCML-SIR appear between 2.65 GHz and 7.85 GHz based on Equation (8) [21] .
Equation (8) 3 Ω). It shows that theJ peak value for both bands depends on the impedance ratio k zo of the resonators. TheJ peak value for the respective bands varies at different rate as the impedance ratio k zo increases and this can be divided in three cases (k zo > 0.69, k zo = 0.69 and k zo < 0.69). For the first case when k zo > 0.69 (Z f > 50 Ω), both bands show low coupling factor withJ < 0.69 with flat reducing response for band 1 and fast reducing response for band 2 as k zo increases. Since the insertion and return losses for both bands at this condition are low, this case is not suitable for dual-band applications due to the low bandwidth at the two bands.
For the second case when k zo = 0.69 (Z f = 50 Ω), both bands show the same coupling factor withJ = 0.69. Since the insertion, return loss and bandwidth for the two bands are low; this case is not suitable for dual band applications. For the third case when k zo < 0.69 (Z f < 50 Ω), the coupling factor for both bands is excellent and shows thatJ > 0.69 as k zo is reduced. The coupling factor at band 2 is larger and increasing at higher rate as k zo is reduced compared with the value at band 1. As k zo is reduced, the insertion and return losses for the two bands show excellent performance. This case is suitable for the dual-band design as both bands have a suitable bandwidth. For a dual-band design, the PCML structure with k zo = 0.59 is selected. In this case, w f = 2.4 mm (Z f = 43.2 Ω) and w 1 = 0.6 mm (Z 1 = 73 Ω) withJ = 0.792 at band 1 andJ = 0.938 band 2. At the selected value for k zo , Fig. 2(a) shows that the two bands have good insertion loss and return loss with preferred bandwidths for dual-band applications.
Although the coupling shows better performance when k zo < 0.59, this is not a preferred design case because high/over coupling at band 2 causes a drop in insertion loss at the center frequency of band 2.
PROPOSED DUAL-BAND BANDPASS FILTER
The prototype layout of the proposed dual broadband filter is shown in Fig. 3 . The PCML-SIR strip and slot widths are set as given in the analysis presented earlierin order to achieve a dual broad operation with tight coupling and relaxed fabrication tolerance. Meanwhile, the middle resonator is formed with length l 2 and width w 2 in order to achieve a length of slightly greater than λ/4 at 2.65 GHz. The feeding network of width w f = 1.9 mm (Z f = 49.5 Ω) and length l f = 4 mm for the input and output port is utilized. Figure 4 shows the simulated results of S 11 and S 21 of the dual broadband filter over the wide frequency range (1-10 GHz) with respect to the different middle resonator widths (Fig. 4(a) ) and lengths (Fig. 4(b) ). Six resonant frequencies are present within the investigated band with a transmission zero at 5.85 GHz. The first (f 1 ) and second (f 2 ) resonant frequencies form the first operational band (band 1), whereas the forth (f 4 ) and fifth (f 5 ) resonant frequencies form the second operational band (band 2). The third (f 3 ) and sixth (f 6 ) resonant frequencies represent the undesired harmonic frequencies. The position of the resonant frequencies and the insertion and return loss within the passbands of band 1 and band 2 depend on the length (l 2 ) and the width (w 2 ) of the middle resonator. Frequency (GHz) 9 10 Frequency (GHz) The first (f 3 ) and second (f 6 ) harmonic frequencies are further reduced and brought nearer to the operating band of the filter if k z1 is reduced. There is no sign of suppression of any of them by the transmission zero frequency (f zo ). For a reasonable dual band operation, k z1 = 0.43 is selected with w 2 = 3.9 mm (Z 2 = 31.4 Ω). This value guarantees a realizable separation between the resonant frequencies of the two bands with very small insertion losses. Figure 5(b) shows the effect of the resonator's length ratio k l = l 2 /l 1 (fixed l 1 = 14 mm and variable l 2 from 8 mm to 14 mm) on the resonant frequencies. It shows that as k l decreases, the resonant frequencies of the first and second bands are further separated from each other and the overall operating bandwidth is improved. The first (f 3 ) and second (f 6 ) harmonics frequencies increase and the first (f 3 ) harmonic frequency is suppressed by the transmission zero frequency (f zo ) when k l = 0.714. At the same time, the second (f 6 ) harmonic frequency is shifted away from the operating band. For a reasonable dual band operation with harmonic suppression, k l = 0.714 is selected with l 2 = 10 mm which slightly shorter than the coupled line. This is due to at both end of low impedance middle resonator which has step in line width, the stray capacitance exists and giving an effective increased of the length.
The performance of the final structure with w f = 1.9 mm, l f = 4.0 mm, w 1 = 0.6 mm, l 1 = 14.0 mm, s = 0.2 mm, w 2 = 3.9 mm and l 2 = 10 mm is simulated and included in Fig. 4(b) . The performance of the final design indicates a significant improvement in the insertion loss and return loss of the second band and able to remove harmonic frequency (f 3 ) significantly. Figure 6 .
The three designed prototypes with different edge capacitive coupling. 
RESULTS AND DISCUSSIONS
Based on above investigation, three prototypes design as shown in Fig. 6 with different positions for the middle resonator are designed and optimized by using Agilent ADS Momentum. The optimized parameters obtained for the best possible performance concerning the insertion and return losses at in-band and out-band frequencies and also for relaxed fabrication tolerances are listed in Table 1 . The optimized designs based on Table 1 are fabricated using RT/Duroid substrate of thickness of 1.27 mm with dielectric constants of 6.15. The performances of the fabricated filters are measured by using Agilent E5071C ATO 79866 network analyzer. The optimized designs show excellent dual broadband characteristics. The presented results in Table 2 indicate that the proposed dual-band filters have broadband performance with excellent passband response using low cost structures. Table 2 shows that design (b) has excellent performance in regard to the insertion, return loss and bandwidth for both bands compared to design (a) and design (c). Meanwhile, design (c) shows improved performance compared to design (a). Design (b) and design (c) show an improvement in insertion and return loss mainly due to the edge coupling which is present due to the configuration of the structure. Comparatively, design (b) with double edge coupling shows better performance compared to design (c) with only single edge coupling and design (a) without any edge coupling.
CONCLUSION
A dual-band broadband bandpass filter has been presented. It uses a combination of parallel-coupled microstrip lines and stepped impedance resonators. To improve the performance at the dual bands, additional low impedance resonators are used at the input and output feeding networks to enhance the coupling factor at both bands. The dimensions of the central resonator are used to control the width and position of the two bands. The simulated and measured results of three developed prototypes show an excellent dual broadband bandpass performance.
